In this study, an experimentally validated numerical analysis was performed toward optimization of stacking sequence in multidirectional laminated composites subjected to low-velocity impact. For this purpose, an optimization program was developed by integrating finite element method and Multi Objective Genetic Algorithm using modeFRONTIER. In this regard, three objective functions were defined; one, based on Hashin failure theory and two others based on interlaminar shear and tensile stresses. These objective functions were aimed to be optimized through tailoring ply angles with special focus on minimizing impact-induced damage. The obtained results indicated that the proposed optimization method is an effective tool for optimizing stacking sequence of laminated fiber-reinforced composite materials.
Introduction
Fiber-reinforced polymers (FRPs) are extensively used in various engineering fields, especially in aerospace, military, and automotive industries due to their high specific strength and stiffness, good fatigue performance, great corrosion resistance, etc. However, different damage mechanisms such as matrix cracking, fiber breakage, and fiber/matrix debonding affect load-bearing capacities and operational life of these materials. [1] [2] [3] [4] [5] [6] Hence, it is very important to investigate composite materials behavior and corresponding failure modes under various loading conditions. One of the most critical loading conditions is impact event, which is a sophisticated phenomenon since it involves a very complex stress distribution in the material, e. g., interlaminar shear stress inside the laminate, compression at the top, tension at the bottom and contact stress just behind the projectile. 7, 8 Furthermore, impact loading causes barely visible impact damage (BVID) which cannot be easily detected and significantly reduces strength and stiffness of composite materials. In recent years, a wide variety of experimental, numerical, and analytical studies have been conducted to investigate impact-induced damage in composite materials. [7] [8] [9] [10] [11] [12] [13] [14] Abisset et al. 7 conducted scaled indentation experiments on quasi-isotropic composite plates and evaluated damage evolution by means of nondestructive methods such as X-ray computed tomography and ultrasonic scanning. The results revealed similar damage patterns for all scaled plates. It was shown that geometrical parameters, stacking sequences, and the ply block thickness are the most important factors influencing the damage patterns. The degree of geometric nonlinearity was also found to be important, mainly affecting the delamination amount and corresponding critical load. Sun et al. 8 followed their previous experimental work to investigate the scaling effect in more detail using finite element method (FEM). They analyzed different numerical models with various matrix cracking density to study the interaction between matrix cracking and delamination. The obtained results indicated that FE models without discrete matrix cracks could not accurately predict the delamination occurring at every interface. Also, it was shown that the overall responses of composite plates were mainly dependent on the ratio of ply thickness to characteristic laminate length. The ply thickness had important effect on the distribution of interlaminar shear stresses as well as critical load for delamination propagation. Xu et al. 9 performed a numerical/experimental study on scaling effects in Carbon Fiber Reinforced Polymer (CFRP) composites subjected to low-velocity impact. According to their results, the elastic response of the composite plates obeys a scaling law, while damage does not scale in accordance with that predicted by simple scaling laws. Assessment of the damaged specimens showed that for specified scaled impact energy, fiber damage was greater in the larger samples in the form of large cracks in the warp and weft directions. However, only small levels of delamination were shown in these specimens because of the highly toughened epoxy resin. It was also demonstrated that the fracture energy associated with fiber failure scales with the square of scale size, n 2 , while the initial impact energy scales as n 3 . Chambers et al. 11 experimentally studied impactinduced damage in CFRP composites using fiber optic sensors. Based on their results, by means of a panel containing an array of closely located sensors, impact consequences can be accurately detected. Zhang et al. 12 investigated damage development and dynamic mechanical response of cross-ply composite laminates under lowvelocity impact condition. Based on continuum damage mechanics, they numerically investigated force-displacement, force-time, and energy-time history curves along with the damage propagation behaviors of delamination and matrix cracking. Comparison between the numerical and experimental results demonstrated acceptable accordance, indicating high efficiency of the proposed FE model. Lopes et al. 10 numerically evaluated damage resistance of dispersed stacking sequence composite laminates under low-velocity impact. The obtained results indicated good performance of numerical techniques in prediction of locus and size of various damage mechanisms in composite materials such as matrix cracking, fiber breakage, and delamination. Shi et al. 13 modeled intra-and interlaminar cracking mechanisms in carbon/epoxy composite plates subjected to impact loading. The impact force and energy predicted by FE model were in good agreement with experimental findings. Wisnom 14 numerically evaluated discrete transverse cracks in polymer composites by means of cohesive zone interface elements. Through combining stress-based and fracture mechanics approaches, they could accurately predict initiation and propagation of different damage modes. Olsson et al. 15 analytically investigated dynamic impact event in composite plates. Using dynamic solution, they developed a delamination threshold load by considering inertial effects in delaminated sub-laminates.
Rahul et al. 16 applied FEM and genetic algorithm for minimizing cost and weight of the laminated composites. They used delamination and matrix cracking as failure criteria for optimization process, without investigating fiber breakage. Khedmati et al. 17 investigated stacking sequence optimization of composite panels under slamming impact loading for minimizing central deflection of the panels. Lopez et al. 18 studied optimization of hybrid laminated composites under buckling loading. They used maximum stress, Tsai-Wu and Puck failure criteria for optimization task. Kalantari et al. 19 investigated optimization of unidirectional hybrid composites under bending loading with the aim of minimizing the weight and the cost of the composite plates subjected to the constraint of a predetermined minimum flexural strength. Pelletier and Vel 20 studied multi-objective optimization of composite pressure vessels based on Tsai-Wu failure criterion for minimizing mass and maximizing the axial and hoop strength. Burns et al. 21 used bioinspired design approach for strength improvement of composite T-joints under bending loading by means of modeFRONTIER software. Their optimization problem had only a single objective of minimizing the peak interlaminar tensile strength, as the most important factor for delamination. According to the above-mentioned literature, there are only a few studies in the field of composites optimization for "impact loading" conditions, 16, 17 and in these studies different objective functions and design variables have been examined for optimization of composite materials, except Hashin failure theory. To the best of the authors' knowledge, Hashin failure theory has not been used so far as an objective function or the design constraint of the optimization process. Hashin criterion is a comprehensive criterion that considers different failure modes of fiber tension, fiber compression, matrix tension, and matrix compression. However, the theory does not consider delamination damage mode. Hence, in this research, beside Hashin criterion, two other objective functions were defined to take into account all probable damage modes of laminated composites. Indeed, Hashin criterion was applied to account for matrix cracking and fiber breakage damage mechanisms, while interlaminar shear and tensile stresses were employed to consider delamination damage mode. Then these objective functions were aimed to be minimized by tailoring ply angles through integration of FEM and genetic algorithm. For this purpose, an optimization program was developed based on FEM and genetic algorithm using modeFRONTIER software. The main goal of the present study is to optimize stacking sequence of carbon/epoxy composites subjected to low-velocity impact with the special focus on minimizing impact-induced damage.
Experimental setup
The specimens used in this work are IM7/8552 composite plates made up of epoxy resin reinforced by carbon fibers with nominal volume fraction of 57.7%. The impact tests were performed based on ASTM D7136 standard. 22 For this purpose, composites plates were prepared in rectangular shape with the dimensions of 150 mm Â 100 mm Â 1 mm. The test specimens were supported over a 75 mm Â 125 mm supporting window. The plates comprise eight plies with nominal cured ply thickness of 0.125 mm, oriented by various stacking sequences in the form of [h 1 /h 2 / h 3 /h 4 ] s , where h i is the ply angle determined by optimization program. The layup orientations were considered symmetric to avoid mechanical coupling between extensional and bending loadings. Geometrical characteristics of test specimens are summarized in Table 1 and schematic representation of layup orientations is illustrated in Figure 1 The specimens were restrained using four clamps and the tests were conducted by using a hemispherical steel impactor with a diameter of 16 mm and a hardness of 62 HRC (Hardness Rockwell C). The impactor weight, testing height, impact velocity, and energy were 5 kg, 1 m, 1.414 m/s, and 5 J, respectively. An Instron Dynatup, 9250-HV drop-weight impact tower was used for the tests. Test data are acquired from a single accelerometer located on the impactor. A velocity sensor is responsible for recording initial impact velocity and activating the secondary impact stopper.
The experimental setup is shown in Figure 2 .
Finite element simulation
Material model
The composite plates were regarded as homogenous materials with orthotropic linear elastic behavior before damage initiation. The material constitutive model prior to damage initiation was defined as follows: 
where E i is Young's modulus in i direction, ij is Poisson's ratio, and G ij is shear modulus in i-j plane.
C is a constant defined as
The damage initiation criterion was specified based on 3D Hashin failure theory and the damage evolution law was determined based on the fracture energy dissipation concepts. The 3D Hashin criterion was implemented via user defined subroutine VUMAT. This criterion considers four damage modes, namely, fiber compression, fiber tension, matrix compression, and matrix tension modes according to equations (4) to (7) as follows 24 -Fiber compression mode (r 11 < 0)
-Fiber tension mode (r 11 ! 0)
-Matrix compression mode (r 22 þ r 33 < 0) 
After damage initiation, the material constitutive model is given by
where C d is the damaged stiffness matrix defined as 
where (11) where C d ij and C ij denote damaged and undamaged tensor coefficients, respectively. s mt and s mc are constant coefficients corresponding to shear stiffness loss due to matrix failure under tension and compression, respectively. 25 Material properties of IM7/8552 composite were extracted from Su et al. 26 as summarized in Table 2 .
FE model
Finite element simulation of the impact event was carried out using general purpose finite element package ABAQUS/Explicit. Due to the symmetry of the problem, only quarter of the specimen was modeled to reduce the computational cost, by properly defining symmetry planes as shown in Figure 3 . In order to increase the efficiency of the FE model, a finer mesh was applied in the impact region, while a coarser mesh was utilized in the area away from the impact zone. The optimum element size was determined by performing preliminary convergence studies based on the trial and error method. The minimum mesh size used in this study was 25 mm. The impactor was modeled as a rigid body and initially positioned to be in contact with the top surface of the composite plate, just right in the center of the specimen with initial velocity of 1.414 m/s in the direction perpendicular to the plate, giving an impact energy of 5 J. The simulations were carried out based on dynamic low-velocity impact conditions. The contact between the specimen and impactor was modeled using general contact algorithm available in ABAQUS/Explicit by defining an element set contacting both external and internal faces of the specimen, to ensure that the impactor interacts with interior elements after failure of exterior elements.
The contact formulation was defined based on penalty method with friction coefficient of 0.3 between the specimen and the impactor. 8 
Optimization procedure
The optimization program was developed by integration of FEM model and genetic algorithm in modeFRONTIER software. The main goal of the optimization procedure was to find out the optimum stacking sequences that lead to the least impact-induced damage in composite plates. For this purpose, the ply angles were considered as input variables ranging between 0 and AE90 with a 15 step for practical manufacturing. The objective functions were defined based on the damage indexes of Hashin failure criterion as well as the inter-laminar shear and tensile stress components of r 13 and r 33 as follows Figure 3 . FE model.
It should be mentioned that the average of the parameters was calculated to evaluate the damage amount in the whole specimen.
The optimization problem has only one constraint that limits the stacking sequences to be symmetric in order to avoid mechanical coupling. The multiobjective genetic algorithm (MOGA-II) was used as the optimization solver.
The optimization workflow is illustrated in Figure 4 .
Results and discussions
In order to validate the accuracy of the FE model, the experimentally measured load-displacement curves were compared with FE predictions for [0/90/90/0] s layup orientation in Figure 5 . As shown in this figure, both experimental and numerical results exhibit similar trends, especially in the initial region of the curves, where there is a linear relationship between load and displacement. However, the load measured by experimental tests is more oscillatory. be mentioned that the effect of delamination was accounted for by considering interlaminar tensile and shear stresses, r 33 and r 13 . After validation of the FE model, the optimization program was run by integrating FEM and genetic algorithm. The aim of the optimization process was to find out the optimum layup orientation that leads to minimum impact-induced damage. As mentioned in Optimization procedure section, the objective was to minimize Hashin failure indexes (equation (12)) as well as interlaminar tensile and shear stresses of r 33 and r 13 , as the most influential stress components in delamination (equations (13) and (14)). The optimization process was carried out as follows: First, 10 layup orientations were defined as starting set of input variables. Then, FE simulations were performed in ABQUS/Explicit based on these orientations. The outputs of FE simulations (i.e., r 13 and r 33 stress components and Hashin damage indexes) were then passed to modeFRONTIER optimization solver (MOGA-II in this study). By evaluating the FE results, the optimization algorithm updated the input variables (i.e., ply angles) in accordance with the objective functions defined by equations (12) to (14) . The new updated ply angles were again passed to FE model and this process was iterated 100 times, fully automatically using modeFRONTIER software. In this regard, 1000 simulations were performed. The optimization results are shown in Figure 6 by means of 3D bubble chart. In this figure, the mean of r 13 and r 33 are depicted in xand y-axis, while the Hashin damage factor is illustrated based on the bubble size, the larger the bubble size, the greater the damage factor. The optimum solution lies in the bottom left of the chart (indicating lower r 13 and r 33 ) with a smaller bubble size (indicating lower damage factor). The best 10 optimum solutions are summarized in Table 3 . The results demonstrate mean of r 13 and r 33 stress components as well as mean of all damage indexes of Hashin failure model individually. Hence, it is straightforward to analyze different stacking sequences from the viewpoint of various failure modes such as fiber breakage and matrix damage (under compression and tension) as well as delamination.
As seen in Table 3 For both layup orientations, the damage pattern shows that, matrix damage under tension is the most prevailing failure mode, followed by matrix damage under compression, fiber damage under tension, and fiber damage under compression, respectively.
The maximum damage diameter of these specimens was also calculated. In Figure 9 , measurement of damage extent is illustrated based on the experimental impact tests. According to ASTM D7136 standard, 22 eight points were located relative to the specimen center and the damage extent was determined based on the maximum distance between these points along the identified lines. Measurement of damage extent was performed using "Measuring" tool of CATIA software. Repeating the measurements five times for each specimen, it was calculated that the maximum damage diameter for 
Conclusion
In this paper, an optimization program was developed to minimize impact-induced damage in IM7/8552 composite plates. For this purpose, genetic algorithm and FEM were integrated by means of modeFRONTIER software. First, the accuracy of FE model was validated through comparing the load-displacement curve of the composite plates obtained by experimental tests and FE simulations. The comparison revealed good agreement between the numerical and experimental results, both quantitatively and qualitatively. After validation of the FE model, the optimization program was run in order to find out the optimum layup orientation that leads to minimum amount of damage. 
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